There are moves to limit by legislation the amount of electric and magnetic fields that workers and the general public are exposed to. In work locations near wiring, cables & equipment carrying high electric currents, there are situations in which the proposed magnetic field limits could be exceeded. Since the limits for the general public are more conservative than those for workers and since the foetus or a pregnant worker should be afforded the status of a member of the general public, it is important to assess a worst-case scenario for the purposes of a general code of practice. Three different magnetic field exposures are modelled, which include the worst case -the body of a pregnant woman at a smallest distance of 30 cm to the conductor. All computations were done by using Multiple Multipole Program (MMP), which is based on the Generalized Multipole Technique (GMT) from ETH (Swiss Federal Institute of Technology), Zurich, Switzerland. In a worst-case scenario the proposed basic restrictions would be exceeded slightly in both maternal and foetal tissue. With appropriate pre-placement assessment, these over-exposures can be avoided.
Induced current density in the foetus of pregnant workers in high magnetic field environments 
Introduction
There have been concerns about potential health hazards of human exposures to electromagnetic fields for more than 20 years since the first epidemiological study suggesting a link between electric power distribution system and incidence of childhood leukaemia 1 . Many research studies have been performed [2] [3] [4] (for review see, but the results of these studies remain inconclusive.
We are exposed to 50/60 Hz Extremely Low Frequency (ELF) electric and magnetic fields from many sources: electric generation facilities (transmission lines carrying electricity from generating plants to communities), distribution lines and cables (bringing electricity to homes, schools, and workplaces), substations, transformers, wiring in homes and buildings. Transportation systems and various electrical appliances also involve ELF field exposure.
There are particular work places/occupations where higher levels of exposure may be anticipated due to the presence of relatively high voltages or currents. In some industries the characterisation of exposure has been examined in some depth, particularly for workers in the electricity transmission and distribution industry. To avoid interruption to electric facilities, maintenance can sometimes be carried out on or near components of a line that is energised, called live line work. This method has been used where possible and the economic efficiency of the operation and maintenance of electric power transmission is enhanced. The work includes inspections and repairs to conductors and fitting and the replacement of insulators 5 . The International Commission on Non-Ionizing Radiation Protection (ICNIRP) guideline for exposure to electric and magnetic fields in the range 0 -300 GHz 6 is increasingly becoming the basis for non-ionising radiation protection legislation in many countries throughout the world (EU directives). At power frequencies, the basic restriction on induced internal current density (J) for occupationally exposed persons is 10 mA.m -2 , where this is averaged over any 1 cm 2 cross-sectional area within tissue. This value is chosen to adequately protect people from neural effects, principally phosphenes in the retina. This value is converted in the ICNIRP guidelines to an external magnetic field (B) of 0.5 mT, at these frequencies. Effectively, this conversion employs the formula: J = ı E = ʌ. f.r.ı.B
where ı is the local tissue conductivity, E the local induced electric field, f the frequency of a sinusoidal waveform (here 50 Hz), and r, the radius of the torso, is taken effectively as 0.63 m. This value in fact represents the halfheight of the torso of a tall person, which represents a conservative limit on B. This external B field of 0.5 mT forms a Reference Level (RL) at 50 Hz, which allows employers and other responsible bodies to assess compliance with the guideline by the use of appropriate magnetic field meters. This pre-supposes that Eqn. 1 is appropriate in all circumstances and that the parameters are chosen to represent the worst-case situations, such that the Basic Restriction (BR) of 10 mA.m -2 will never be exceeded at this RL. Put another way, if a worker is exposed to the RL value for external magnetic field, would the BR be exceeded within the body under some circumstances?
Another consideration is the situation in which a worker becomes pregnant. The foetus must be considered as a member of the general public rather than an 'occupationally exposed person'. The ICNIRP guidelines and other standards adopt a 2-tier approach to protection, which in the case of ICNIRP offers an extra 5-fold margin of protection, such that the BR becomes 2 mA.m -2 at 50 Hz. The question then becomes: if a worker is exposed to 0.5 mT in the process of her occupation, would the foetus be adequately protected from induced current density values in excess of 2 mA.m -2 ? There is a strong argument that on declaring pregnancy, a worker should be placed such that her exposure would not exceed the general public limit, but since this may limit her earning capacity, the area remains controversial.
Workers for whom there may be a concern over magnetic fields are also exposed to electric fields. However, because of the nature of tissue, the external electric fields required to induce a tissue current density at the BR are two orders of magnitude more than those which give rise to sparks or micro-shocks when contacting conducting surfaces. The issue of compliance is thus somewhat different, because the considerations depend less on mathematical analysis of biological tissue responses. The ratio between worker and general public RL is a factor of 2, in this case. Since the main issue is to do with maternal contacting of surfaces and hence cutaneous sensation, the effect on the foetus is hard to assess, but the induced currents due to electric fields in this instance would be far less than those due to the magnetic fields.
Recently the IEEE 7 published a standard, designed to be adopted in other countries, with similar provision of a 2-tier system of protection. Here, the induced tissue electric field for the general public is to be kept below 133 mV/m as BR (in the head) at 50Hz. The equivalence between the two approaches depends on the specific value of tissue conductivity at a particular location, but in general, the ICNIRP BR is more conservative. It is only in tissues whose bulk conductivity is less than 0.015 S/m that a current density of 2 mA.m -2 will exceed this restriction on induced electric field. Examination of data from Gabriel at al. 8 reveals very few tissues (apart from bone) with such low conductivity. In general, therefore, the concern is to ensure current density in the foetus is below 2 mA.m -2 , with due regard to the 1 cm 2 averaging requirement. There are a number of industrial settings in which the 0.5 mT RL could be exceeded. One example of these is live-line transmission line maintenance. This work is now often carried out using insulated ladders and conductive suits so that the workers can safely reach line potential and then can work with bare hands on conductors/cables carrying up to 1000 Amps. The conducting suits contain strands of wire woven in with the fabric. This method of working is shown in Figure 1 .
The intense magnetic fields these workers are exposed to can be readily calculated using analytical formulae or monitored using personal dosimeters. Live-line maintenance procedures sometimes involve workers sitting on the conductor/cable. The proximity of the pregnant uterus with high conductivity fluid in addition to the foetus makes this situation a critical one to model. Tissue may be as close as 0.01 m from the line (1 cm) or less for a worker seated on the cable enclosed in a conductive suit. However, the current in a single cable would normally be less than 1000A, but the possibility remains of the ICNIRP level being exceeded. There are other situations in the power generation industry where similar magnetic fields could be encountered, but not involving live-line maintenance work.
The aim of the study described here was to estimate the electrical current density inside the bodies of pregnant workers during maintenance of power lines and particularly in the foetus. The powerline is represented as a single conductor carrying 1000 A alternating current (50 Hz). This is a simplification, because transmission lines are often bundles of up to four conductors for each phase ( Figure 1 ) with one or two circuits of three phases. The proximity effect is such that the magnetic fields due to the other phases will have minimal effect. Even in a bundle of four conductors in the same phase, the closest conductor would represent the major contribution to the magnetic field.
The case of an electric field and three different magnetic field exposures are modelled, which include the worst case -the body of a pregnant woman has a smallest distance of 30 cm to the conductor. This distance is chosen because most work is carried out at arm's length and at shoulder height. All computations of body current were done by using modeling software, which mainly focused on 2D and 3D models of some important organs and tissues, such as the uterus and amniotic fluid. Based on the results for uniform magnetic field exposure, the situation for nonuniform magnetic field exposure was also approximated.
Theoretical background
Most of the reported findings of associations between the occurrence of a disease and ELF fields are the results of epidemiologic studies, and the possible health hazard are brain cancer, leukaemia, male breast cancer, heart disease, and suicide. At present, there are many research methods forming the risk assessment in regard to the biological and health effects of electric and magnetic fields, including animal experiments, laboratory studies of cells, clinical studies, computation simulations, and epidemiological studies. When evaluating evidence that certain exposures cause disease, researchers consider results from studies in various disciplines. A mix of studies in different research areas is essential for the evaluation of the problem 4 . All studies rely on accurate determination of ELF field exposure. So the determination of the fields must be part of above studies. Instrumentation and computer models are currently available for the assessment of the exposure.
Electromagnetic fields consist of electric and magnetic fields. For power-frequency EMF, the wavelengths in air are very long (6000 km at 50 Hz and 5000 km at 60 Hz), and, in practical situations, the electric and magnetic fields act independently of each other and could be measured separately. Calculations could be used to compute fields and their parameters for instruments calibration, laboratory exposure systems and certain categories of indoor and outdoor sources. Numerical simulation has been extensively used to calculate human exposure in epidemiological studies.
The induced current density inside the body is a very important parameter in dosimetry. In many cases it is used to assess the effect of EM exposure. So many EM exposure protection guidelines are based on it. It is proportional to the conductivity of the body tissues (J = VE A/m 2 , V: conductivity). It is calculated by solving Maxwell's equations. Practically, this is a difficult task and can be done for a few special cases. Because of the mathematical difficulties encountered in the process of calculation many numerical techniques are used to find it.
Computations usually involve simplifying assumptions that may not always accurately reflect the reality of exposure although relatively realistic models of people have been developed to examine the way in which ELF fields couple to the body. Computations include both analytical and numerical techniques. The former applies assumptions to simplify the geometry of the problem in order to apply a closed-form solution. The latter attempts to solve basic field equations directly due to boundary conditions posed by the geometry. The human body has complicated geometry and electrical properties, so usually it is not possible to solve the problem by analytical techniques. The numerical technique has particular advantages in this area, especially with the development of computer technology 9 . Different numerical techniques have been investigated over the past several years. Such techniques generally fall into two major categories: domain techniques and boundary techniques. Domain techniques discretize the whole computational domain and solve differential equations within the volume; boundary techniques discretize only the boundary of the computational domain and solve integral equations.
The modelling programs used in the analysis are MMP (Multiple Multipole Method) and MaX-1 (Maxwell's Equations solver). Both of these were obtained from John Wiley & Sons, Chichester, UK, and are described 10 . MMP consists of a 3D graphic editor, which allows the geometry and electromagnetic parameters of the model to be specified, a main program, which performs the expansions based on Maxwell's equations and the given boundary conditions, and a plot program which displays field or induced current density values on a regular grid. Max-1 extends these capabilities to provide alternative field solutions, such as Generalised Finite Difference (GFD) or pure analytic solutions.
MMP is a prominent and advanced version of the Generalised Multipoles Techniques (GMT). The MMP was proposed by Hafner in 1980 11 . The code was developed in the early 1980s for two-and three-dimensional electromagnetic (and static) field problems at the ETH (Swiss Federal Institute of Technology). First idea was to develop a simple code which had to be based purely on Maxwell's view of the electromagnetic field. GMT is used for the method and MMP for the code developed by Hafner and his colleagues. Essentially, the MMP code works in the "frequency-domain", i.e., it has been written for time-harmonic fields, but the Fourier transform (FT) programs included in the MMP package allow the study of repeated pulses as well. The code has been written entirely in FORTRAN 77 to guarantee a wide compatibility. MMP is a frequency domain code for calculating electromagnetic fields [12] [13] [14] [15] [16] . This implies that the fields are complex and that the time dependency is characterized by the angular frequency Z. The field domain is separated into a number of sub domains, each filled with linear, homogeneous and isotropic materials. In each sub domain, a separate expansion of the field is made. Thus MMP is a field expansion method. MMP is also called a semi analytical method, solving analytically the Maxwell's equations in each sub domain but solving numerically the boundary conditions on the boundaries between the sub domains. The boundary conditions are fulfilled numerically, using the extended point matching technique. All the boundary conditions concerning fields may be taken into account. A special matrix solver using Givens plane rotation updating is implemented in order to save computer memory and to improve the numerical stability of the solution.
MMP code mainly consists of three parts, main program, 3D graphic editor, and 3D graphic plot program 10 . It was written in Fortran and can work on PC under Windows or workstations. It is assumed to be reliable, userfriendly, portable, and powerful. Though it is the implementation of GMT, it has many important additional features for widening its range of applications and for increasing its efficiency and accuracy. One of the most important features is the sophisticated graphic input-output tool, which can visualize the input data and the final results. Moreover the zoom feature can zoom in a certain part of field so that one can explore the result in more detail. The movie feature can generate a short movie that gives full understanding of the results.
Material and methods
The torso was modelled as shown in Fig. 2 , with dimensions as shown. The body model consists of a cylinder and an ellipsoid with two outer layers. The hemispherically capped cylinder is used to model the trunk of a pregnant woman and the ellipsoid a foetus. The two layers are amniotic fluid and placenta respectively. Because uterus mainly consists of muscle that is similar to the trunk, it is not considered as a separate layer in the modelling. All these tissues are assumed to be homogeneous and the model is axis-symmetrical. Their conductivities are listed in table 1.
Four situations are considered in the modelling as shown in figure 3 . For model A the unperturbed electrical field is uniform and 10 kV/m (50 Hz). For model B, C and D the transmission line carries 1000 A current (50 Hz) and only the magnetic field is considered in computations, which is appropriate to the case of a worker wearing a conductive suit and in close proximity to the line. 
Results
Situation A: uniform electric field Because the incident electrical field is uniform and the body model is axis-symmetrical, the induced current distribution is also axis-symmetrical about Y-axis (Fig 4.) 
Situation B: cable below torso
The magnetic field is normal to X = 0 plane so maximum current density occurs in this plane. The whole current distribution is symmetrical about X = 0 and Z = 0 planes respectively ( Figure 5 ).
Situation C: cable at hip level
The magnetic field is normal to the plane that is parallel to X-Z plane and contains the transmission line, so the maximum current density occurs in this plane ( Figure 6 ).
Situation D: cable running alongside torso
The magnetic field is normal to Z=0 plane so the maximum current occurs in this plane. The induced current density is larger closer to the line (Figure 7) . The influence of model shape on the computational results:
Another model, similar to situation B with different shape of the trunk was developed ( figure 7) . From the comparison of the results from these two models (table 3) , the values are very close, and so the cylindrical shape of the trunk is acceptable.
Discussion and conclusions
For uniform electric field 10 kV/m, the induced current densities in all areas are smaller than 1 mA/m 2 . These current densities are in accordance with an expression derived by Reilly (see discussion following paper by Deno 17 ) for a cylinder of height 92 cm, diameter 35 cm and 75 cm above the ground. On the other hand, for the magnetic field of a transmission line carrying 1000 A current, the induced current densities are much higher than the case of electrical field. For the placenta, when the body is 0.3 m from the line, the current density is always bigger than 10 mA/m 2 . When the body is 0.5 m from the line, the current density is bigger than 10 mA/m 2 only in model D. For the amniotic fluid, the current density is always bigger than 10 mA/m 2 in almost all situations except in model C when the body is 0.5 m away from the line. For the foetus, the current density is always smaller than 10 mA/m 2 in all situations. But in model D, when the body is 0.3 away from the line, the current density is bigger than 2 mA/m 2 . This value is bigger than the General Public limit of ICNIRP. All modelled tissues have biggest values in the case of model D, so model D simulates the worst case for the magnetic field of a transmission line.
Thus for pregnant workers working in such an environment, the induced current densities inside their body tissue might be greater than the BR (10 mA/m 2 ) of the occupational level and their foetus greater than the corresponding general public level (2 mA/m 2 ) specified in the ICNIRP guideline. However, the size of foetus in this model is that for full-term, which is a very unlikely scenario. Nevertheless, due regard must be paid to this possibility in worker pre-placement assessment.
